The cell biological phenomenon of autophagy has attracted increasing attention in recent years, partly as a consequence of the discovery of key components of its cellular machinery. Autophagy plays a crucial role in a myriad of cellular functions. Autophagy has its own regulatory mechanisms, but this process is not isolated. Autophagy is coordinated with other cellular activities to maintain cell homeostasis. Autophagy is critical for a range of human physiological processes. The multifunctional roles of autophagy are explained by its ability to interact with several key components of various cell pathways. In this review, we focus on the coordination between autophagy and other physiological processes, including the ubiquitin-proteasome system (UPS), energy homeostasis, aging, programmed cell death, the immune responses, microbial invasion and inflammation. The insights gained from investigating autophagic networks should increase our understanding of their roles in human diseases and their potential as targets for therapeutic intervention.
Introduction
The word autophagy is derived from the Greek roots "auto" (self) and "phagy" (eating) and broadly refers to the cellular catabolic processes in which cytoplasmic materials are transported to lysosomes for degradation. Christian de Duve, who was awarded the Nobel Prize for his work on lysosomes, first used the term autophagy in 1963 [1] . There are several different types of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (Figure 1 ). There are also other routes for transporting cargo to the lysosomal lumen for degradation. Macroautophagy is the main route for the sequestration of cytoplasm into the lytic compartment. Macroautophagy involves the sequestration of cytoplasm by double-layered membranes to form vesicles called autophagosomes. Autophagosomes ultimately fuse with lysosomes, in which the contents are degraded. The formation of autophagosomes is initiated by class III phosphoinositide 3-kinase and autophagy-related gene Atg6 (also known as Beclin-1). In addition, two further systems are involved; these pathways are composed of the ubiquitin-like protein Atg8 (known as LC3 in mammalian cells) and the Atg4 protease on the one hand and the Atg12-Atg5-Atg16 complex on the other. In contrast, microautophagy occurs when lysosomes directly engulf cytoplasm by invagination, protrusion, or separation of the lysosomal limiting membrane. In CMA, only those proteins that have a consensus peptide sequence are recognized by the binding of an hsc70-containing chaperone/co-chaperone complex. This CMA substrate/chaperone complex then moves to www.nature.com/aps Wang Y et al Acta Pharmacologica Sinica npg the lysosomes, where the CMA receptor lysosome-associated membrane protein type-2A (LAMP-2A) recognizes it; here, the protein is unfolded and translocated across the lysosome membrane assisted by the lysosomal hsc70 on the other side [2] . Autophagy in mammalian systems occurs under basal conditions and can be stimulated by stresses, including starvation, oxidative stress, or by treatment with the pharmacological agent rapamycin. In addition to its roles in maintaining normal cellular homeostasis by liberating nutrients from macromolecules and by assisting the clearance of misfolded proteins and damaged organelles, autophagy plays a role in the destruction of some bacteria within the cells. It has also been proposed that autophagy results in the total destruction of cells. Autophagic cell death represents one of several types of programmed cell death. Autophagy is vital in a range of physiological and pathological situations (Figure 2 ), including cell growth, aging, cell death, degrading disease-causing aggregate-prone proteins and clearing pathogenic bacteria [3] . Dysfunction in the autophagic pathway has been implicated in an increasing number of human diseases, from infectious diseases to cancer and neurodegeneration.
To achieve normal cell function, autophagic activity and other physiological processes regulate, compensate for and antagonize each other. In this review, we aim to discuss recent findings concerning the interactions between autophagy and other cellular processes. Although these interactions have yet to be fully defined, studies have begun to describe a growing number of cellular activities that are influenced by autophagy. The emerging evidence indicates that autophagy is a fundamental cellular process that affects other cellular activities and thus has a wider range of roles in normal physiological function and various diseases than previously thought [4] [5] [6] .
Autophagy and the ubiquitin-proteasome system (UPS)
Each cell synthesizes millions of protein molecules per minute and at the same time degrades similar numbers of proteins into peptides for further recycling into amino acids. Because large numbers of newly synthesized proteins contain errors due to mutations or misfolding, breakdown needs to be performed rapidly to prevent the accumulation of aggregationprone protein fragments. Cells deploy two mechanisms for intracellular protein degradation: the ubiquitin-proteasome system and the autophagy-lysosome system. The UPS and autophagy have long been viewed as independent and parallel degradation systems with no point of intersection. It was previously thought that the proteasomal and autophagic pathways target different pools of proteins, with short-lived proteins being degraded by the proteasome and large protein complexes and organelles being degraded and recycled via autophagy. This view was first challenged by the observation that mono-ubiquitination operates as a key signal in endocytosis, an important process for numerous cell functions, including lysosomal biogenesis [7] . Subsequently, several lines of evidence have suggested that the UPS and autophagy are functionally interrelated catabolic processes [8] . Autophagy and the UPS share certain substrates and regulatory molecules and show coordinated and, in some contexts, compensatory functions. Some of the ubiquitin-recognizing molecules, or shuttle factors, are shared by both proteolytic systems. For example, p62 and ubiquilin can deliver ubiquitinated substrates to the proteasome or macroautophagy. It is now clear that a number of proteins can be degraded by both autophagy and the proteasome [9, 10] . The neuronal protein α-synuclein, for example, can be degraded by the UPS, macroautophagy and chaperone-mediated autophagy. Furthermore, mutations that interfere with the proteasomal degradation of a protein may increase the dependency of such proteins on autophagy for their degradation, as this clearance route will then become the default. This observation is especially true for mutated proteins with an increased aggregation tendency, as oligomeric and higher-order structures will become inaccessible to the narrow proteasome barrel.
Numerous studies have reported that proteasome inhibition leads to the upregulation of autophagy. This cross-talk may be mediated by c-jun N-terminal kinase 1 (JNK1) activation following proteasome inhibition, which would be predicted to induce autophagy via Bcl-2 phosphorylation, thereby reducing the ability of Bcl-2 to bind and inhibit the function of Beclin 1 [11, 12] . In vivo data further support the notion that the impairment of the proteasome leads to neurodegeneration in the fly eye. This phenotype is enhanced when essential autophagic genes are knocked down and is rescued by autophagy induction with rapamycin [13] . While proteasome inhibition may induce autophagy, the converse does not occur. Indeed, the inhibition of autophagy increases the levels of proteasome substrates. This result is 
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Acta Pharmacologica Sinica npg largely due to p62 accumulation after autophagy inhibition [14] . Excess p62 inhibits the clearance of ubiquitinated proteins destined for proteasomal degradation by delaying their delivery to the proteasome's proteases. Moreover, autophagy inhibition, which was previously believed to only affect long-lived proteins, also compromises the ubiquitin-proteasome system. This inhibition leads to increased levels of short-lived regulatory proteins such as p53 and the accumulation of aggregationprone proteins, with the predicted deleterious consequences. Recently, growing amounts of data have drawn attention to p62 and its possible role in connecting autophagy with the UPS. p62 is cleared by both the UPS and autophagy and is commonly detected in ubiquitin-containing protein aggregates associated with various neurodegenerative diseases. In addition to p62, other regulators have emerged as important players in mediating the crosstalk between autophagy and UPS, including histone deacetylase 6 (HDAC6) and the FYVE-domain containing protein Alfy [15] . These proteins have all been found to regulate or be essential for aggresome formation.
Autophagy and energy homeostasis
Autophagy is a cellular quality control mechanism that evolved to recycle cellular waste and maintain energy homeostasis under starvation conditions. For the autophagylysosome pathway, the resulting breakdown products are inputs for cellular metabolism to generate energy and to build new proteins and membranes. The link between enhanced autophagy and nutrient deprivation has been well established. For example, chronic myocardial ischemia, a condition of insufficient oxygen and nutrition, activates autophagy to degrade and recycle damaged cellular structures, thereby ameliorating cardiomyocyte injury [16] . Autophagy provides an internal source of nutrients for energy generation and survival. A powerful promoter of metabolic homeostasis at both the cellular and whole-animal level, autophagy prevents degenerative diseases. However, autophagy does have a downside, as cancer cells exploit it to survive in nutrient-poor tumors. Autophagy is required for normal development, especially for metabolic tissues such as adipose tissue and pancreatic β-cells. Stimulating autophagy during periods of starvation is an evolutionarily conserved response to stress in eukaryotes. Under starvation conditions, the degradation of proteins and lipids allows the cell to adapt its metabolism and meet its energy needs. The physiological importance of basal autophagy in maintaining tissue homeostasis has been demonstrated in conditional brain and liver autophagy-related gene (Atg) knockout mouse models [17, 18] . When the supply of nutrients is limited, stimulating autophagy contributes to the lysosomal recycling of nutrients to maintain protein synthesis and glucose synthesis from amino acids and to form substrates for oxidation and ATP production in the mitochondria and the inhibition of the default apoptotic pathway. In vivo studies showed that at birth, the sudden interruption of the supply of nutrients via the placenta triggers autophagy in newborn mouse tissues to maintain energy homeostasis and survival [19] . Moreover, starvation-induced autophagy is cytoprotective by blocking the induction of apoptosis upstream of mitochondrial events.
Some metabolic changes (ATP levels, amino acids, and insulin) may regulate autophagy. AMP-activated protein kinase (AMPK) is a crucial cellular energy sensor. Once activated by falling energy status, it promotes ATP production by increasing the activity or expression of proteins involved in catabolism while conserving ATP by switching off biosynthetic pathways. AMPK also regulates metabolic energy balance at the whole-body level [20] . The AMPK pathway appears to be involved in autophagy induced by nutrient deprivation, growth factor withdrawal, and hypoxia. The activation of AMPK leads to the suppression of mammalian target of rapamycin (mTOR), thereby activating autophagy. Snf1, a yeast homolog of AMPK, may be a regulator of autophagy under conditions of glucose deprivation. By contrast, autophagy is not induced by glucose depletion in fission yeast. In mammalian cells, a dominant negative mutation of AMPK and an inhibitor of AMPK both suppress autophagy, demonstrating that AMPK is important for autophagy induction, as in the budding yeast.
The inhibitory effect of amino acids on autophagy has also been well established. The signaling of amino acids in autophagic proteolysis starts with their "receptor(s)", most likely other than transporters, at the plasma membrane, and has a novel route that is clearly distinct from the mTOR signaling pathway employed by insulin. Moreover, autophagy is also regulated by Rag proteins. Amino acids activate mTOR through Ras-related GTPase proteins [21] . Under nutrient-rich conditions, ER-associated Bcl-2 and Beclin 1 interact to sequester Beclin 1 from the autophagy complex [22, 23] . This association is broken by starvation and is triggered by Bcl-2 phosphorylation by JNK1. Recruitment of the Beclin 1-PI3-kinase complex to the autophagic membrane is also dependent on the ULK1 complex. Thus, there are multiple ways that amino acids influence autophagic activity. In metazoans, cells depend on extracellular growth factors for energy homeostasis. When deinhibited by default in cells deprived of growth factors, glycogen synthase kinase-3 (GSK3) activates the acetyltransferase TIP60 by phosphorylating TIP60-Ser 86 . TIP60 then directly acetylates and stimulates the protein kinase ULK1, which is required for autophagy. Cells use signaling from GSK3 to TIP60 and ULK1 to regulate autophagy when deprived of serum but not glucose. These findings uncover an activating pathway that integrates protein phosphorylation and acetylation to connect growth factor deprivation to autophagy [24] . Insulin is the principal hormone responsible for the control of glucose metabolism. It is synthesized in the β-cells of the islets of Langerhans as the precursor, proinsulin, which is processed to form C-peptide and insulin. It has been well established that insulin suppresses autophagy in the fed state. Insulin levels rise following a meal, causing the activation of plasma membrane insulin receptors. These receptors in turn activate downstream effectors and result in the eventual activation of mTOR kinase, one of the primary negative regulators of autophagy. Rapamycin, an inhibitor of mTOR, can activate
Acta Pharmacologica Sinica npg autophagy even under nutrient-rich conditions. Autophagy is activated in the streptozotocin-induced diabetes model [25] . Insulin is important for autophagy regulation, but autophagy itself is also important for the homeostasis of pancreatic β cells and insulin secretion [26] . The important markers activated by caloric restriction are sirtuins, a class of nicotinamide adenine dinucleotide (NAD + )-dependent histone deacetylases observed in organisms ranging from yeasts to mammals that regulate cellular metabolism through the deacetylation of several transcription factors, such as FoxO proteins, p53, and the p65 component of the NF-κB complex. The PI(3)K-PKB-FoxO signaling network provides a major intracellular hub for the regulation of cell proliferation, survival and stress resistance. Inhibition of FoxO3-mediated autophagy increases the level of apoptosis, suggesting that the induction of autophagy by FoxO3-mediated glutamine synthetase expression is important for cellular survival. These findings reveal a growth-factor-responsive network that can directly modulate autophagy through the regulation of glutamine metabolism [27] . NAD + acts not only as a cofactor for cellular respiration but also as a substrate for NAD + -dependent enzymes, such as Sirtuin-1 (SIRT-1). SIRT-1 antagonizes cellular senescence in human diploid fibroblasts and protects mouse cardiac muscle against oxidative stress. If the main function of autophagic degradation seems to be cellular housekeeping, then SIRT-1 and autophagy are most likely strictly dependent on each other. Indeed, it was demonstrated that SIRT-1 deacetylates specific Atg proteins in a NAD + -dependent manner, whereas the absence of this protein in cultured cells and in embryonic and neonatal tissues increases their acetylation.
Nicotinamide phosphoribosyltransferase (Nampt, also known as visfatin), the rate-limiting enzyme in mammalian NAD + biosynthesis, regulates NAD + and ATP content, thereby playing an essential role in mediating cell survival by inhibiting apoptosis and stimulating autophagic flux in cardiac myocytes. Preventing downregulation of Nampt inhibits myocardial injury in response to myocardial ischemia and reperfusion. Therefore, Nampt is an essential gatekeeper of energy status and survival in cardiac myocytes [28] . Recent reports also indicate that autophagy serves as a stress response and may participate in the pathophysiology of cerebral ischemia. Nampt protects against ischemic stroke by inhibiting neuronal apoptosis and necrosis. Nampt promotes neuronal survival by inducing autophagy via the regulation of the TSC2-mTOR-S6K1 signaling pathway in a SIRT1-dependent manner during cerebral ischemia [29] . Furthermore, in multiple myeloma (MM) cells, cytotoxicity of the Nampt-specific chemical inhibitor FK866 triggers autophagy, but not apoptosis. A transcriptional-dependent (TFEB) and independent (PI3K/mTORC1) activation of autophagy mediates the cytotoxicity of FK866 on MM. Therefore, this biosynthetic pathway may be an attractive target for cancer treatment [30] . Both the activation and inhibition of autophagy hold promise for improved treatment of metabolic disorders. It has been shown that autophagy in hypothalamic agouti-related peptide (AgRP) neurons regulates food intake and energy balance [31] . The regulation of hypothalamic autophagy could become an effective intervention in conditions such as obesity and metabolic syndrome. In diabetes, increasing autophagy may help expand β-cell mass, provide resistance against stress and enhance hepatic insulin sensitivity. In nonalcoholic fatty liver disease, increasing autophagy would not only help to remove liver fat and inflammation but also help to protect against tumorigenesis. In pancreatitis, decreasing autophagy may help to prevent or treat pancreatitis. In cardiovascular complications, increasing autophagy may safeguard plaque cells against cellular distress, particularly oxidative injury. In hypercholesterolemia and hypertriglyceridemia, increasing autophagy may help to degrade hepatic triglycerides and regulate reverse cholesterol transport (RCT) from macrophages. In obesity, a regulated decrease in autophagy could be beneficial in limiting white adipose tissue mass and lipid content.
Autophagy and cell growth
Through careful analysis of the current autophagy gene mutant mouse models, it is proposed that in mammals, autophagy may be involved in specific cytosolic rearrangements needed for proliferation, death, and differentiation during embryogenesis and postnatal development. Thus, autophagy is a process of cytosolic "renovation", crucial in cell-fate decisions. As a response to nutrient deprivation and other cell stresses, autophagy is often induced in the context of reduced or arrested cell growth. A plethora of signaling molecules and pathways have been shown to have opposing effects on cell growth and autophagy, and the results of recent functional genomic screens support the idea that these processes might represent mutually exclusive cell fates. Understanding the ways in which autophagy and cell growth relate to one another is becoming increasingly important as new roles for autophagy in tumorigenesis and other growth-related phenomena are uncovered.
Autophagy and cell growth can inhibit one another through a variety of direct and indirect mechanisms and can be independently regulated by common signaling pathways. The central role of the mTOR pathway in regulating both autophagy and cell growth exemplifies one such mechanism. In addition, mTOR-independent signaling and other more direct connections between autophagy and cell growth also exist [32] . Given its central role in integrating environmental signals such as the presence of sufficient nutrients, energy, and growth factors, the PI3K/TOR signaling pathway is often viewed as the principal mediator of cellular growth control. More recently, autophagy has emerged as a crucial player in the negative regulation of cellular growth [33] . Although autophagy is regulated as a downstream target of TORC signaling, autophagy can also regulate cell growth in response to distinct stimuli such as amino acid depletion, energy deprivation, and ER stress, independent of PI3K/TOR signaling. Thus, TORC signaling and autophagy actually represent parallel but contrasting pathways that function together in a coordinated manner to maintain homeostasis and growth control. The loss of such However, the precise mechanisms by which autophagy acts in cell growth control and tumor suppression require further investigation.
Autophagy and aging
One of the most exciting aspects of autophagy is its connection with aging and the possibility of manipulating autophagy to extend life span. Autophagy declines with age and is thought to associate with aging because it increases with the accumulation of damaged organelles and protein aggregates. The genetic inhibition of autophagy induces degenerative changes in mammalian tissues that resemble those associated with aging. In addition, normal and pathological aging are often associated with a reduced autophagic potential. Pharmacological or genetic manipulations that increase life span in model organisms often stimulate autophagy, and its inhibition compromises the longevity-promoting effects of caloric restriction, sirtuin 1 activation, the inhibition of insulin/insulin growth factor signaling, and the administration of rapamycin, resveratrol, or spermidine [34] . Aging involves a deterioration of tissues and organs with the passage of time due to the progressive accumulation of malfunctioning cell components caused by oxidative damage and an age-dependent decline of turnover rate and housekeeping ability. p53 has long been viewed as a molecule that controls an evolutionary trade-off between longevity and cancer resistance: either you boost p53 to get more senescent cells, less cancer, and a shorter life, or you reduce p53 to get more cancer and a longer life. Some studies have shown that the deletion or inhibition of p53 induced autophagy in human, mouse and nematode cells. Thus, increased or reduced autophagy might be important for differences in longevity, aligning the issue of cancer with one side or another [35] . Moreover, the NF-κB signaling system and the autophagic degradation pathway are crucial cellular survival mechanisms, both being well conserved during evolution. Emerging studies have indicated that the IKK/NF-κB signaling axis regulates autophagy [36] . Several studies have indicated that NF-κB signaling is enhanced both during aging and cellular senescence, inducing a proinflammatory phenotype. The aging process is also associated with a decline in autophagic degradation. It seems that the activity of the Beclin 1 initiation complex could be impaired with aging, as the expression of Beclin 1 decreases with age, as does the activity of type III PI3K. On the other hand, the expression of the inhibitory Bcl-2/xL proteins increases with aging. Thus, NF-κB signaling could be a potent repressor of autophagy with aging.
Autophagy declines during adulthood and is almost negligible at older age. During caloric restriction (CR), animals spend a great part of their time in a state of fasting and activated autophagy [37] . Thus CR prevents the age-dependent decline of autophagic proteolysis and improves the sensitivity of liver cells to stimulation of lysosomal degradation. It has been suggested primarily from work on C elegans but also some studies of human cells that SIRT-1 may exert its effects on lifespan via an effect on autophagy. mTOR is also a primary regulator of autophagy, with higher levels of mTORC1 inhibiting autophagy. SIRT-1, the closest mammalian homolog of the Sir2 yeast longevity protein, stimulates autophagy of organelles such as mitochondria in the aged mouse kidney through FoxO3 deacetylation. SIRT-1 stimulated by caloric restriction, resveratrol and cofactor NAD + has positive effects on autophagy and on longevity [38] . Moreover, SIRT-1 positively regulates FoxO transcription factors and, in particular, FoxO3, which in turn is able to activate autophagy and promote longevity [39] . The sestrins, a family of highly inducible conserved stress-responsive proteins, have been suggested to adjust stress and metabolic responses in different organisms from Drosophila to mammals. Remarkably, sestrins induce autophagy by the inhibition of TORC1 and can also reduce ROS production by increasing the efficiency of mitochondrial respiration. Moreover, sestrins retard the appearance of ageassociated cardiac pathologies [40] .
Autophagy and cell death
Autophagy is a cell survival mechanism that involves the degradation and recycling of cytoplasmic components. In addition, autophagy mediates cell death under specific circumstances. Autophagic cell death (type II cell death) and apoptosis (type I cell death) have taken center stage as the principal mechanisms of programmed cell death in mammalian tissues. Although autophagy and apoptosis are markedly different processes, autophagy and apoptosis can act as partners to induce cell death in a coordinated or cooperative fashion. Several signaling pathways that are induced by common cellular stressors regulate both autophagy and apoptosis. For example, Bcl-2 phosphorylation may not only be a mechanism for regulating apoptosis and a mechanism for regulating autophagy, but may also be a mechanism for regulating the switch between the two pathways. Bcl-2 plays important roles in mitochondria dysfunction-induced apoptotic death of striatal neurons by modulating both autophagic and apoptotic processes. It is suggested that Bcl-2 also plays an essential role in limiting autophagy activation and preventing the initiation of programmed cell death [41] . The pro-survival role of autophagy depends on Bcl-2 under nutrition stress conditions (our unpublished data). JNK is able to trigger autophagy by targeting Bcl-2/Bcl-xL proteins and abrogating their binding to Beclin 1. Recently, Beclin 1 has been shown to be among the substrates of death-associated protein kinase (DAPK), a proapoptotic serine/threonine kinase, and its phosphorylation reduces its binding to the Bcl-2 family members, thus suggesting a possible mechanism by which DAPK may also induce autophagy [42] . In addition, ceramide not only prominently induces apoptosis but also triggers autophagic cell death in malignant glioma cells via the activation of BNIP3, a proapoptotic member of the Bcl-2 family [43] . Sphingosine 1-phosphate-induced autophagy protects cells from death with apoptotic features during nutrient deprivation. An increase in endogenous ceramide pro- concentration not only activate proapoptotic signals but also potently induce autophagy by activating calmodulin-dependent kinase. p53 is a tumor suppressor that regulates both autophagy and apoptosis. p53 induction contributes to excitotoxic neuronal death in rat striatum through apoptotic and autophagic mechanisms [44] [45] [46] . A complex role in the regulation of autophagy is played by p53, and p53 regulates autophagy both in a positive and in a negative fashion, depending on its subcellular localization. Studies show that p53 mediates kainic acid-induced autophagy activation and mitochondrial dysfunction in striatal neurons [47] . Additionally, p53 can initiate apoptosis by inducing the expression of p53-upregulated modulator of apoptosis (PUMA), which leads to the release of cytochrome c from mitochondria and apoptotic cell death [48] . The p53 target, damage-regulated autophagy modulator 1 (DRAM1), may regulate autophagy by participating in the fusion of autophagosomes and lysosomes. DRAM1 is required for p53-induced apoptosis, suggesting that DRAM1-dependent autophagy operates upstream of apoptosis. DRAM1 plays important roles in autophagy activation induced by mitochondria dysfunction. DRAM1 affects autophagy through augmentation of lysosomal acidification, fusion of lysosomes with autophagosomes and clearance of autophagosomes (our unpublished data). In addition, p53 affects autophagy by modulating signaling through the mTOR nutrient-sensing kinase, which controls autophagy at the initiation stage.
Autophagy proteins can play a role in cellular events that occur during apoptosis. For example, Atg5 may be a point of crosstalk between autophagic and apoptotic pathways. Basal autophagy is important for survival during neonatal nutrient deprivation and the prevention of neuro degenera tion [19, 49] . The inhibition of autophagy by Atg5 knockdown triggers apoptosis. Atg5 promotes autophagy, which is cytoprotective. However, Atg5 also has proapoptotic effects. Atg5 overexpression sensitizes tumor cells to various apoptotic stimuli. Exposure to proapoptotic stimuli activates calpain, which cleaves Atg5. The truncated Atg5 translocates from the cytosol to the mitochondria, where it associates with the antiapoptotic molecule Bcl-xL and triggers apoptosis. Another study demonstrated that the depletion of calpain impairs the induction of autophagy in response to rapamycin treatment and amino acid deprivation, thereby increasing apoptosis [50] . These results suggest that Atg5 is a molecular switch factor between autophagy and apoptosis. In addition, Atg5 and Beclin 1 (Atg6) can be cleaved by calpain or caspases that are activated during apoptosis [51] . These findings provide important insights into the molecular cross-talk between autophagy and apoptosis. Apoptosis can begin with autophagy, which can end with apoptosis. It has been suggested that mitochondria may be central regulatory organelles that integrate both apoptosis and autophagy [52] . The induction of mitochondrial membrane permeabilization at a low level, below the threshold required for induction of apoptosis, results in the sequestration of damaged mitochondria in autophagic vacuoles. When mitochondrial membrane permeabilization is sufficiently high to sustain the active execution of cell death, apoptosis is induced [53] . Therefore, it is likely that the induction of apoptotic or autophagic cell death may depend on the level of mitochondrial membrane permeabilization. Thus, mitochondria may function as a switch between apoptosis and autophagy.
Autophagy and immunity
Research on autophagy has begun to focus on its role in the immune responses and inflammation. Related diseases include tuberculosis, infections with human immunodeficiency virus and other viruses, Salmonella, Listeria, Shigella, Toxoplasma, and inflammatory disorders such as Crohn's disease and multiple sclerosis. Moreover, similarly to cancer, neurodegenerative diseases and aging, defects in autophagy may underlie the pathogenesis of many infectious diseases and inflammatory syndromes.
Autophagy acts as an immune effector that mediates pathogen clearance. The roles of autophagy bridge both the innate and adaptive immune systems and include functions in thymic selection, antigen presentation, promotion of lymphocyte homeostasis and survival, and regulation of cytokine production. The explosive growth of the field has occurred many years after the early observational report of autophagosomelike structures detected in polymorphonuclear leukocytes infected with rickettsiae and the pioneering mechanistic work on the role of Beclin 1 in antiviral defense. This increased focus was brought on by the discovery of molecular links between autophagy and immune defense. The antiviral effects of autophagy have been extended to human immuno-deficiency virus (HIV) and roles for autophagy described in both cellautonomous and innate and adaptive immunity against HIV [54] . The latest addition to the antimicrobial function of autophagy has been further strengthened by the findings that the HIV proteins Nef and Env counter autophagy: Env inhibits autophagy induction in dendritic cells (DCs), thus inhibiting DC maturation and processing and the presentation of HIV group-specific antigen (Gag), whereas Nef specifically blocks the autophagic maturation step in infected macrophages, thus protecting the HIV virus from degradation [55] . Moreover, T cells recognize proteolytic fragments of antigens that are presented to them on major histocompatibility complex (MHC) molecules. MHC class І molecules primarily present products of proteasomal proteolysis to CD8 + T cells, while MHC class II molecules mainly display degradation products of lysosomes for the stimulation of CD4 + T cells. Macroautophagy delivers intracellular proteins for lysosomal degradation and contributes in this fashion to the pool of MHC class II displayed peptides. Both self-and pathogen-derived MHC class II ligands are generated by this pathway. However, additional recent evidence also points to the regulation of extracellular antigen [56, 57] . The connections between autophagy and conventional immunological systems include Toll-like receptors, Nod-like receptors, RIG-I-like receptors, damage-associated molecular patterns such as HMGB1, other known innate and adaptive immunity receptors and cytokines, sequestosome (p62)-like receptors that act as autophagy adapters, immunity-related GTPase IRGM, innate and adaptive functions of macrophages and dendritic cells, and differential effects on the development and homeostasis of T-lymphocyte and B-lymphocyte subsets. It is important to distinguish three principal types of contributions that autophagy imparts on the function of the immune system: specialized autophagic immune processes that are performed by the autophagic machinery at the cellular level; generic autophagic roles in cellular homeostasis; and the nonautophagic role of Atg factors.
To survive inside the host cell, bacterial pathogens have evolved a variety of mechanisms to avoid or interfere with innate immune defenses. The autophagy of foreign microorganisms, ie, xenophagy, has emerged as a powerful method of eliminating intracellular bacteria. However, there is a complex interplay between host autophagy mechanisms and pathogens. Some microorganisms have evolved strategies to evade autophagic recognition to survive and establish a persistent infection. There are two main mechanisms by which bacterial pathogens can escape from or interact with autophagic pathways. One strategy is that bacteria escape into the cytosol after breaking the host jail (L monocytogenes, S flexneri). Escape from the internalization vacuole is a bacterially driven process, and the survival of pathogens in the cytosol relies on their ability to avoid recognition and degradation by autophagy. Another strategy is bacterial survival and replication inside the pathogen-containing compartments. Several pathogens (Salmonella Typhimurium, M tuberculosis, Legionella pneumophila, Brucella abortus) can survive inside the vacuole and avoid destruction upon fusion or by preventing fusion with the lysosome. For these pathogens, escape to the cytosol is considered to be accidental. Remarkably, these bacteria can be recognized by autophagy both in the phagosome and in the cytosol, and their survival may be critically linked to their ability to co-opt the autophagic machinery.
Autophagy cross-talks with intracellular signaling molecules and effectors. Through these interactions, autophagy performs not only direct microbial degradation but also other protective mechanisms, such as lysozyme secretion, the ubiquitin-mediated pathway, and antigen presentation. In particular, the autophagic or cargo receptors have received much attention, as they play an important role in transporting ubiquitinated microbial cargos to the autophagy machinery. The autophagy pathway involves selective recognition and degradation of autophagic cargo. In selective autophagy, the modification of target proteins or intracellular bacteria with ubiquitin is necessary for their autophagic clearance. Autophagy receptors, including p62/SQSTM1, NBR1 and NDP52, can simultaneously bind intracellular ubiquitinated cargos and autophagy modifiers such as microtubule-associated protein LC3 [58] [59] [60] .
Thus, autophagic receptors can mediate the docking of ubiquitin-marked protein aggregates to the autophagosomes to induce selective autophagic degradation of ubiquitinated proteins, organelles, and intracellular bacteria [61] . It is reported that Rab8b and its downstream interacting partner, innate immunity regulator TBK-1, are required for autophagic elimination of mycobacteria in macrophages. TBK-1 is necessary for autophagic maturation. TBK-1 coordinates the assembly and function of the autophagic machinery and phosphorylates the autophagic adaptor p62 on Ser-403, a residue essential for its role in autophagic clearance. A key proinflammatory cytokine, IL-1β, induces autophagy, leading to autophagic killing of mycobacteria in macrophages; this IL-1β activity is dependent on TBK-1. Thus, TBK-1 is a key regulator of immunological autophagy and is responsible for the maturation of autophagosomes into lytic bactericidal organelles [62] . Rab GTPases are frequent targets of vacuoleliving bacterial pathogens for appropriate trafficking of the vacuole. Bacterial effectors including VirA from non-vacuolar Shigella flexneri and EspG from extracellular Enteropathogenic Escherichia coli (EPEC) harbor TBC-like dual-finger motifs and exhibit potent RabGAP activity. Specific inactivation of Rab1 by VirA/EspG disrupts ER-to-Golgi trafficking. S flexneri intracellular persistence requires VirA TBC-like GAP activity that mediates bacterial escape from autophagy-mediated host defense [63] . The mitochondrial protein MAVS (also known as IPS-1, VISA, and CARDIF) interacts with RIG-I-like receptors (RLRs) to induce type I interferon (IFN-I). NLRX1 is a mitochondrial nucleotide-binding, leucine-rich repeats (NLR)-containing protein that attenuates MAVS-RLR signaling. NLRX1 suppresses vesicular stomatitis virus (VSV)-mediated type 1 IFN production but enhances autophagy during viral infection. NLRX1-mediated autophagy and IFN-I inhibition enhance VSV replication. The NLRX1-interacting partner, mitochondrial Tu translation elongation factor (TUFM), interacts with Atg5-Atg12 and Atg16L1 and has similar functions as NLRX1 in inhibiting RLR-induced IFN-I but promoting autophagy [64] . Moreover, ROS maintain a balance between antibacterial autophagy and inflammation. Intracellular ROS, produced by the incomplete reduction of oxygen, can oxidize and damage various macromolecules such as proteins, lipids, and DNA, eventually causing cell death. Accumulating evidence points to a key role for ROS as signaling messengers, including the initiation of autophagy and various intracellular processes. that the coordinated interplay between autophagy activation and ROS-dependent signaling is necessary for the homeostatic regulation of innate defense and inflammation.
Future perspectives
Further studies are needed to fill in the remaining gaps in our knowledge of the relevance of autophagy to many human physiological processes and to some important diseases. It is likely that more diseases with autophagy associations will be discovered in the future. This research area is exciting, evolving and is enriched by the possibility that basic cell biology is Wang Y et al Acta Pharmacologica Sinica npg closely linked to the understanding of disease pathogenesis and possible therapeutic strategies. However, many aspects of the crosstalk between autophagy and various physiological processes are not understood. For the proteolytic systems, autophagy and UPS, the challenge is now to decipher the code that determines targeting through one system or the other. Current findings have boosted the interest in developing pharmacological interventions that up-regulate the activity of the proteolytic systems. In light of the promising results observed on genetic manipulation of the proteolytic systems in animal models of different conformational disorders, it is predicted that compounds that can up-regulate the activity of the proteolytic systems could become an efficient future treatment for these devastating disorders. However, for a variety of cell types and bacterial pathogens, a detailed comparative survey of the composition of the various bacterial autophagosomes will be crucial for the elucidation of the molecular features unique to the various autophagic pathways. Testing the role of cytokines such as tumor necrosis factor alpha and IFNg and other physiological stimuli for their ability to induce autophagy and autophagy receptor activity will also be critical. Additionally, a major focus will be validating the molecular and cellular events analyzed in vitro during bacterial infection by in vivo experiments using the relevant animal models.
The multiple links of autophagy to cell growth, aging, cell death, immunity and inflammation await further exploration. Only by understanding the fundamental cell biology of these links will we be able to maximize our understanding of their roles in disease and the potential of autophagy modulation for the alleviation of human suffering. Novel pharmacological interventions with the ability to adjust autophagic activity in mammals should be developed. Preferably, drug candidates that directly interfere with a specific component of the biochemical pathway of autophagy are needed rather than those acting upstream of the pathway. We speculate that, similar to the way in which the initial genetic screenings in yeast transformed autophagy research, current proteomic and genomic screenings have the potential to transform research on the relationship between autophagy and physiological processes. Such a transformation would include facilitating a much deeper understanding of the molecular mechanisms of the existing known functions of autophagy through the use of the tools of modern systems biology to better understand the interactions between autophagy and physiological processes as well as signaling regulatory networks on a broad scale.
